The amino terminal dimerization/ docking domain and the two-tandem, carboxyterminal cAMP-binding domains (A and B) of cAMPdependent protein kinase regulatory (R) subunits are connected by a variable linker region. In addition to providing a docking site for the catalytic subunit, the linker region is a major source of sequence diversity between the R-subunit isoforms. The RII␤ isoform uniquely contains two endogenous tryptophan residues, one at position 58 in the linker region and the other at position 243 in cAMPbinding domain A, which can act as intrinsic reporter groups of their dynamics and microenvironment. Two single-point mutations, W58F and W243F, allowed the local environment of each Trp to be probed using steady-state and time-resolved fluorescence techniques. We report that: (a) the tryptophan fluorescence of the wild-type protein largely reflects Trp243 emission; (2) cAMP selectively quenches Trp243 and thus acts as a cAMP sensor; (3) Trp58 resides in a highly solvated, unstructured, and mobile region of the protein; and (4) Trp243 resides in a stable, folded domain and is relatively buried and rigid within the domain. The use of endogenous Trp residues presents a non-perturbing method for studying R-subunit subdomain characteristics in addition to providing the first biophysical data on the RII␤ linker region. Proteins 2003;51:552-561.
INTRODUCTION
cAMP-dependent protein kinase A (cAPK) is both the major receptor for cAMP in eukaryotic cells and a critical member of numerous signal transduction pathways. In its inactive state, cAPK exists as a tetramer composed of a regulatory (R) subunit dimer bound to two catalytic (C) subunits. Binding of two cAMP molecules to each Rsubunit monomer causes dissociation of the holoenzyme complex and releases an active C-subunit. 1 R-subunits possess a conserved and well-defined domain structure comprised of an amino-terminal dimerization/ docking domain, two-tandem cAMP-binding domains at the carboxy-terminus, and a variable, interconnecting linker region (Fig. 1) . The linker region contains a substrate-like inhibitor sequence that docks to the active site cleft of the C-subunit. Two general classes of R-subunits, type I and type II, are known and differ by autophosphorylation, molecular weight, disulfide cross linkage, and cellular localization. [2] [3] [4] Each type of R-subunit can be further classified as either ␣ or ␤, which differ by tissue distribution and antigenicities. [5] [6] [7] R-subunit isoforms are not functionally interchangeable. Knockout of the RI␣ isoform gene in mice is lethal while knockout of the RII␤ isoform gene results in compensatory increases in RI␣, a lean phenotype from diminished white adipose tissue, deficits in complex motor behavior, decreased sensitivity to the sedative effects of ethanol consumption, and decreased levels of total C-subunit despite no decrease in levels of cAPK activity. [7] [8] [9] [10] [11] The crystallographic structures of the RI␣ and RII␤ cAMP-binding domains and the NMR-solution structures of the RI␣, RII␣, and RII␤ dimerization/docking domains reveal structural differences between the isoforms [12] [13] [14] (Banky et al., forthcoming; Lipsitz, unpublished results). Currently, no high-resolution structural data exists on the linker region of any R-subunit isoform, and the contribution of this subdomain to the observed isoform differences is not known. The linker regions of the various isoforms show the least homology; there are large differences in sequence, length, protein modifications, and potential for protein-protein interactions [ Fig. 1(D) ]. [15] [16] [17] [18] [19] [20] It is likely that the diversity of the linker regions underlies, at least, some of the isoform functional differences.
Abbreviations: cAMP, adenosine 3Ј,5Ј-cyclic monophosphate; cAPK, cAMP-dependent protein kinase; CD, circular dichroism; C-subunit, catalytic subunit; DAS, decay-associated emission spectra; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; MOPS, 3-(N-morpholino) propanesulfonic acid; SDS, sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; R-subunit, regulatory subunit; WT, wild-type. Buffer A: 25 mM sodium phosphate, 150 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT, pH 7.4.
Time-resolved fluorescence anisotropy experiments on the RI␣ linker region and other subdomains have previously been carried out using fluorescent probes attached to cysteines engineered into the protein. These studies suggest that the RI␣ linker region is highly flexible. 21 One drawback of the previous RI␣ anisotropy experiments is that the protein was modified by addition of an extrinsic fluorescent probe, which may perturb the structure and/or dynamics of the protein. The development of a nonperturbing method is necessary for an unambiguous understanding of the dynamics of the linker region.
Of the four known R-subunits, only the linker region of the RII␤ isoform contains an endogenous tryptophan residue (Trp58) [ Fig. 1(D) ] that could act as an intrinsic reporter group. Consequently, we studied the anisotropy decay of RII␤ to determine the conformational flexibility of a portion of the linker region. Because there is also a second endogenous tryptophan at position 243 in cAMPbinding domain A (Fig. 1) , we prepared and studied in parallel two Trp-to-Phe mutant proteins (W58F and W243F) to characterize the emission properties of each Trp residue. The results described here present a clearly non-perturbing method of studying the R-subunit linker regions. Furthermore, these studies represent the first biophysical analysis of the linker region of RII␤, the predominant R-subunit isoform in brain and adipose tissue. We report that Trp58 resides in a highly solvated, unstructured, and mobile region of the protein while Trp243 resides in a stable, folded domain, is relatively buried and rigid within the domain, and behaves as a cAMP sensor.
MATERIALS AND METHODS Mutagenesis
The gene coding for the full-length rat type II␤ R subunit was obtained as a pRSET B (Invitrogen, Carlsbad, CA) expression cassette. 22 Single-stranded DNA of this gene was prepared and used in oligonucleotide-directed mutagenesis via the Kunkel method. Oligonucleotides were purchased from GenBase Inc. (San Diego, CA). Transformation of the DNA into competent DH5␣ cells (Gibco BRL, Carlsbad, CA), isolation of the plasmid, and verification of the DNA sequence were performed as previously described.
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Expression and Purification
Proteins were expressed in Escherichia coli BL21 (DE3) cells (Novagen, Madison, WI) and purified using cAMPagarose resin. 22 Cyclic nucleotide-free protein was obtained by eluting RII␤ from the resin with 10 mM cGMP instead of cAMP (J. Jones, personal communication). Typical yields of the proteins were 2-4 mg/L of cell culture.
Protein Characterizations
The cAMP:R monomer stoichiometry was determined by UV spectrometry. 23 Protein aliquots (8 M) were prepared with protein free of unbound cAMP. Circular dichroism (CD) measurements were acquired using an AVIV (Lakewood, NJ) 202 CD spectropolarimeter. Fluorescence measurements were carried out with a SPEX (Edison, NJ) Fluoromax-2 spectrofluorometer.
Acrylamide Quenching of Tryptophan Fluorescence
The tryptophan fluorescence of the samples (1 M in buffer A) was quenched with acrylamide (0 -0.30 M). The emission intensity with excitation at 295 nm was monitored near the maximum emission wavelength of each protein (WT, 334 nm; W58F, 330 nm; W243F, 353 nm). The fluorescence quenching data were plotted using the SternVolmer equation:
, where F o and F are the emission intensity in the absence and presence of quencher Q, respectively, and K SV is the Stern-Volmer quenching constant.
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Urea Unfolding of the RII␤ Subunits
A stock solution of 8.5 M urea was prepared in buffer A. Amberlite MB-150 (Sigma, St. Louis, MO) mixed-bed exchanger was added to this solution and stirred for 1 h to remove ionic urea degradation products. The urea solution was filtered and frozen at Ϫ20°C.
Proteins (1 M) were unfolded in various concentrations of urea for 2 h at room temperature and monitored by both steady-state fluorescence and CD. Overnight incubation produced no additional changes in the fluorescence emission or CD spectra. Fractional unfolding curves were constructed assuming a two-state model and using
, where F U is the fraction of the unfolded protein, F N is the fraction of folded protein, R is the fluorescence or CD measurement, and R F and R U represent the values of R for the folded and unfolded states, respectively. 25 For unfolding monitored by CD, R is the mean residue ellipticity at 222 nm. For unfolding monitored by fluorescence, R is the observed ratio of intensity at 356/334 nm with excitation at 295 nm.
Free energy of denaturation, ⌬G U , values at each urea concentration in the transition region of the denaturation curves were calculated from the fraction of folded and unfolded protein according to ϪRT ln (F N /F U ) ϭ ⌬G U . The ⌬G U for the unfolded protein at zero concentration of denaturant, ⌬G U H2O , was calculated according to the linear extrapolation method.
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Quantum Yield Determinations
Fluorescence quantum yields, ⌽, were measured relative to tryptophan (Sigma, recrystallized four times from 70% ethanol) using a value of 0.14 in water at 25°C. 26 Emission spectra (4-nm band pass) were measured using a SLM 8000C (SLM Instruments, Urbana, IL) at 300 nm excitation wavelength (4-nm band pass) to avoid cAMP absorbance. Sample absorbance at 300 nm was Ͻ0.05 in buffer A using 3-mm path length cuvettes. The excitation and emission polarizers were set at 54.7°and 0°, respectively, to eliminate anisotropic effects. Spectra were corrected using correction factors determined with a standard lamp (Optronics, Orlando, FL).
Time-Resolved Fluorescence
Fluorescence lifetimes were measured by time-correlated single photon counting at 25°C. The excitation source was a Spectra-Physics (Mountain View, CA) Tsunami mode-locked Ti-sapphire laser pumped with a Millennia diode-pumped Nd-YVO 4 laser. The 80-MHz output of the Tsunami was passed through a Spectra-Physics Model 3980/3985 pulse selector set at 4 MHz. Wavelength and laser stability were monitored by an IST-Rees (Horseheads, NY) LSA E201 laser spectrum analyzer. The wavelength was set at 900 nm and the pulse width was 2 ps. The laser beam was passed through a GWU HG flexible harmonic generator (Spectra-Physics). The tripled output at 300 nm was focussed by two cylindrical lenses and used to excite the sample. The doubled output at 450 nm was passed through a Pellin Broca prism (CVI Laser Corp., Albuquerque, NM) to remove the fundamental and detected by an ET2010 silicon pin detector (Electro-Optics Technology, Traverse City, MI). The inverted detector output was delayed and used as the stop timing signal. The fluorescence emission was detected by a cooled Hamamatsu (Hamamatsu, Japan) R3809U-50 microchannel plate photomultiplier. The photomultiplier output was amplified by a Model 6954 fast pulse preamplifier (Philips Scientific, Ramsey, NJ) and used as the start timing signal. A SPC-330-12 PC module (Becker & Hickl GmbH Intelligent Measurement and Control Systems, Berlin, Germany) installed in a 266-MHz Micron computer was used for the photon counting electronics.
The exciting light was vertically polarized. The emission polarizer (HNP'B, Polaroid, Cambridge, MA) was set at 55°for lifetime experiments. Emission wavelength (8-nm band pass) was selected by an Instruments SA (Edison, NJ) H-10 monochromator. A DPU-2.5 optical depolarizer (Optics for Research, Caldwell, NJ) was placed before the emission monochromator to eliminate polarization dependence of the detection train, so that G Ϸ 1 for anisotropy experiments. Fluorescence decays were acquired contemporaneously with a lamp profile in 1,024 channels of 9.8 and 24.4 ps/channel. A scattering solution of dilute coffee creamer was used for the lamp profile. Decay curves were deconvolved using the Beechem global program. 27 Goodness of fit was judged by reduced chi-square, r 2 , and the autocorrelation function of the weighted residuals.
Fluorescence intensity decays I(t) were fit to a sum of exponentials
with relative amplitudes ␣ i and lifetimes i . Decay curves acquired at different emission wavelengths were deconvolved simultaneously, assuming that lifetimes but not amplitudes were independent of wavelength. A 4 -16-ps component representing scattered light was included in the analysis. Scattered light contributed Յ1.4% of the total intensity for wild type and W58F mutant at 310 -390 nm emission wavelength and Յ5.5% for W243F mutant at 340 -390 nm emission wavelength. Amplitude-weighted lifetime ϭ ⌺ i ␣ i i . Intensity-weighted lifetime ͗͘ ϭ ⌺ i f i i , where f i ϭ ␣ i i /⌺ i ␣ i i is the fractional intensity. Decayassociated emission spectra F i () were calculated by combining the steady-state emission spectrum F() and timeresolved data.
In constructing the DAS, the steady-state emission spectrum of wild type was normalized to one at the peak and the steady-state spectra of W58F and W273F mutants were scaled relative to wild type at equal protein concentrations based on absorbance at 300 nm. Assuming that Trp273 and Trp58 have equal extinction coefficients, wild type has twice the extinction coefficient of the single tryptophan mutants.
Fluorescence anisotropy decays r(t) were fit to a sum of exponentials
with pre-exponentials ␤ i and rotational correlation times i . The initial anisotropy r(0) ϭ ⌺ i ␤ i . Individual polarized decays I VV (t) and I VH (t) were deconvolved simultaneously with a magic angle decay I(t)
where the correction factor G Ϸ 1 in our instrument. Anisotropy data sets acquired on 10-and 25-ns time scales were included in the global analysis. The global analysis constrained the lifetimes to be the same in all the decay curves, and the pre-exponentials and rotational correlation times to be the same in the polarized decays.
RESULTS
Characterization of Wild-Type RII␤ and the Tryptophan Mutants.
Because the replacement of tryptophan residues with phenylalanine affects protein absorbance, molar extinction coefficients at 280 nm, ⑀ 280 , were determined by amino acid analysis for all three proteins in their native, cAMPbound states. The ⑀ 280 values of 3.40, 3.09, and 3.29 ϫ 10 4 M Ϫ1 cm Ϫ1 for wild-type, W58F, and W243F RII␤ were used in protein concentration determinations unless otherwise noted. The tryptophan mutations did not affect cAMP binding, as the mol cAMP:mol R monomer stoichiometry ranged between 1.8 -2.2 for all three proteins, and the mutants were fully capable of inhibiting the protein kinase A C-subunit (data not shown). The wild-type, W58F, and W243F RII␤ proteins also had identical CD spectra, indicating that the mutations did not significantly affect the proteins' secondary structure (Fig. 2) .
Urea Denaturation Monitored by Circular Dichroism
Plots of fraction of protein unfolded (F U ) at various urea concentrations showed essentially the same concentrations of the transition midpoints, C m , and slopes of the transition region, m, for wild-type, W58F, and W243F RII␤, signifying that the mutations did not have a major effect on the relative global stability of the proteins or the cooperativity of the unfolding process, respectively (Table I) . 
TRP MUTANTS PROBE LOCAL ENVIRONMENTS OF RII〉
Fluorescence Spectra
Comparison of the intensity of fluorescence emission from each of the proteins revealed that Trp243 contributes most of the total wild-type fluorescence (Fig. 3) . The quantum yield of Trp243 in the W58F mutant is 10 times the value of Trp58 in the W243F mutant (Table II) . The quantum yield of wild-type RII␤ is only half that of the W58F mutant, as expected if both tryptophans have the same molar absorptivity, but Trp58 emits very weakly compared to Trp243. Trp243 is clearly the major fluorescence emitter in RII␤. Additionally, cAMP-free wild-type RII␤ (WTcA-free) is a weaker fluorescence emitter than the cAMP-bound wild-type protein. This suggests that the endogenous Trp residues, primarily Trp243, are sensitive to the presence of cAMP and are thus cAMP-sensors.
Differences in the local environment of each tryptophan residue were revealed in the maximum emission wavelength, max , of each protein (Table II) . The max value of W243F was red shifted Ͼ13 nm relative to the max values of wild-type RII␤ and W58F mutant protein and indicates that Trp58 exists in a more polar environment than Trp243.
Fluorescence Lifetime
The lifetimes i of the three proteins are about the same and independent of emission wavelength (Table III) . In both single tryptophan mutants, the relative amplitudes ␣ i are also independent of emission wavelength, indicating that the emission spectra of the three lifetime components DAS i have the same spectral shape. In wild-type RII␤, the amplitudes vary with emission wavelength, consistent with two tryptophans having different emission spectra. Figure 4 shows the DAS of the long and medium lifetime components of the mutants relative to wild-type type RII␤ (Fig. 4, circles) . The short lifetime component contributes only a small fraction of the steady-state intensity and is not shown. For the W58F mutant protein (Fig. 4, squares) , the 5.6-ns DAS has about eightfold greater intensity than the 2.7-ns DAS, with both emission maxima at about 330 nm. For the W243F mutant protein (Fig. 4, triangles) , the 5.7-and 2.1-ns DAS have equal intensity and emission maxima at about 350 nm. For wild-type RII␤ (Fig. 4,  circles) , the DAS i contain contributions from the lifetime components i of both tryptophans, according to their relative intensity. The 5.5-ns DAS of wild-type protein comprises mostly the 5.6-ns DAS of the W58F mutant protein plus a small contribution from the 5.7-ns DAS of the W243F mutant protein, which shifts the emission maximum slightly to the red to about 335 nm. In contrast, the 2.1-ns DAS of wild-type protein comprises more equal contributions from the 2.7-ns DAS of the W58F mutant protein and the 2.1-ns DAS of the W243F mutant protein, which broadens the emission spectrum and shifts it to about 345 nm. The DAS for the three proteins confirm that the two tryptophans in wild-type RII␤ emit independently.
The radiative rate, k r , for Trp243 is comparable to k r values for 3-methylindole, tryptophan zwitterion, and N-acetyltryptophanamide (4 -6 ϫ 10 7 s
Ϫ1
), 28 but k r for Trp58 is an order of magnitude less (Table II) . The apparent low k r value of the W243F mutant indicates that the low quantum yield of Trp58 is presumably due to static quenching of tryptophan fluorescence by ground-state interactions.
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Acrylamide Quenching
The Stern-Volmer plots for acrylamide quenching of the two single tryptophan mutants' fluorescence emission were linear, consistent with a dynamic quenching process. The bimolecular quenching rate constant, which represents solute accessibility, was more than six-fold greater for the W243F mutant than for the W58F mutant (Table  II) , indicating that Trp58 is significantly more solute accessible than Trp243.
These differences in solvent accessibility were then compared to theoretical quenching efficiencies derived from known R-subunit structure models. The theoretical diffusion-controlled rate constant k d ϭ 4.5 ϫ 10 9 M Ϫ1 s
Ϫ1
was estimated for acrylamide and RII␤ from the Smoluchowski equation. The translational diffusion coefficient of RII␤ was estimated by the computer program HYDRO, 30 using bead models of the RII␣ structure. 31 The low quenching efficiency, f q , for Trp243, is consistent with a buried tryptophan in the W58F mutant while the much higher f q for Trp58 indicates an exposed tryptophan in the W243F mutant (Table II) .
Emission Anisotropy
Time-resolved emission anisotropy of the three proteins was measured to examine the mobility of the two tryptophans (Table IV) . The anisotropy decay of wild-type RII␤ required a two exponential fit and is dominated by a 39-ns correlation time that likely reflects whole-body motion of the protein. Modeling RII␤ as described above and using HYDRO to calculate the five rotational correlation times of an anisotropic rigid body tested the validity of this supposition. A set of correlation times was calculated using the sets of dimensions for each of the two RII cAMP-binding domain structures (RII␣ by neutron scattering 31 and RII␤ by crystallography 13 ). For both cases, the dimensions for the dimerization/docking domain and linker region were taken from the neutron scattering structure of RII␣. Three unique i values, 45, 23, and 9.3 ns, were obtained using the ellipsoidal dimensions (44 -45, 29, and 15-16 Å) determined by neutron scattering. Using the slightly larger ellipsoidal dimensions (50, 36, and 30 Å) from the crystal structure yielded 61, 41, and 21-ns i values. The two longer calculated correlation times in each set of i values are most likely due to end-over-end tumbling of the dumbbell-like structures. The experimental value of 39-ns is within the range of calculated values, considering the uncertainty in determining correlation times 6 -12 times longer than the intensity-weighted lifetime, and thus 1 represents protein whole-body motion. Additionally, a global analysis of the anisotropy data for the three proteins on two time scales constraining one correlation time to be the same in all the data sets gave 1 ϭ 40.7 ns with global r 2 ϭ 1.40, indicating that the long rotational correlation time is the same in the three proteins. The short calculated correlation time is most likely governed by faster rotations about the long axis of RII␤.
The anisotropy data for the W58F mutant protein gave an acceptable fit to a single exponential, but assuming two rotational correlation times resulted in a slightly lower r 2 and more random autocorrelation functions (Table IV) . Based on relative values of the pre-exponentials ␤ i , the 1 value accounts for 96% of Trp243 mobility. The initial anisotropy r(0) ϭ 0.27 approaches the limiting value of 0.29 (at 300 nm excitation wavelength) for tryptophan zwitterion in water, 32 indicating that there is little or no detectable internal motion.
The anisotropy decays for the W243F mutant clearly required two exponentials to fit the data with rotational correlation times of 30 and 0.8 ns. Based on relative ␤ i values, the fraction of Trp58 anisotropy decay due to whole-body rotational diffusion is about 40% (Table IV) . The 0.8-ns correlation time is due to internal mobility of Trp58. Because rotational correlation times are proportional to viscosity, viscosity dependence is expected if 2 ϭ 0.8 ns represents protein flexibility in the vicinity of an exposed tryptophan and not depolarization due to energy transfer between the two Trp58 residues in the RII␤ dimer. Anisotropy decay experiments were conducted in 35% glycerol (Fig. 5) . The 2.5-and 2-fold increases for 1 and 2 , respectively, demonstrated a viscosity dependence for both correlation times. Mobility of the indole side chain of Trp58 is also evidenced by an r(0) value of 0.23, indicating as much as 20% unresolved fast motion.
Urea Denaturation Monitored by Fluorescence
The urea-induced unfolding of the three RII␤ proteins was followed by intrinsic fluorescence to monitor unfolding in the local environments of the tryptophan residues. The fluorescence spectra for wild-type RII␤ and the W58F mutant both showed a decrease in intensity and a large red-shift in max as urea concentrations increase while the spectra of the W243F mutant showed an increase in intensity but no major shift in max (data not shown). The F U plots (Fig. 6 ) for wild-type RII␤ and the W58F mutant were both sigmoidal, indicating the ability of these proteins to monitor conformational changes within RII␤, and gave comparable values for C m and slope of the transition region (Table I ). The W243F mutant profile, however, yielded a linear F U plot (Fig. 6, inset) . The linear increase in fluorescence intensity from free tryptophan or tryptophan derivatives, such as N-acetyltryptophan, upon addition of urea is well documented 33 and probably due to the decreased water activity and slower water quenching rate when urea is added to the buffer. 28 A linear intensity vs. urea concentration plot would be expected if the fluorophore is solvent accessible, such as when tryptophan is in an unstructured region of the protein. This plot is linear for N-acetyltryptophan and comparable to the plot for the W243F mutant (Fig. 6,  inset) , suggesting that Trp58 sits in an unstructured region of RII␤.
DISCUSSION
The linker region is the most variable region between the isoforms and is, therefore, likely to contribute significantly to the unique physiological properties of the Rsubunits [ Fig. 1(D) ]. To understand why the R-subunit isoforms exhibit unique and non-redundant physiological functions, we must endeavor to understand the structure and dynamics of each subdomain, including the linker regions. Steady-state and time-resolved fluorescence experiments using wild-type and mutated RII␤ proteins containing a single tryptophan showed that the two endogenous tryptophans (Trp58 in the linker region and Trp243 in cAMP-binding domain A) have very different environments and dynamics. These studies provided us with insight into the properties of the subdomains in which the tryptophans reside and the first biophysical characterization of the RII␤ isoform. The R-subunit endogenous tryptophan residues proved to be a valuable alternative to extrinsic fluorescent probes in R-subunit fluorescence anisotropy experiments.
Trp243 is buried in a stable, structured domain. The high homology in both sequence and structure between the cAMP-binding domains of RII␤ and RI␣ allows us to make comparisons between these two isoforms. Sequence alignment shows that Trp243 in RII␤ and Trp222 in RI␣ are homologous while the crystallographic structures of the cAMP-binding domains showed Trp243 and Trp222 to be situated in ␤-strand 8 of the compact ␤-barrels of the A binding domain [ Fig. 1(C) ]. 12, 13 Like its RII␤ counterpart, Trp222 in RI␣ was also found to be the largest contributor to fluorescence emission from the wild-type protein, situated in a hydrophobic environment, and most shielded from solvent. 34 Furthermore, the previous time-resolved anisotropy experiments on RI␣ using extrinsic fluorescent probes attached at various engineered sites throughout the protein showed that probes directed to cAMP-binding domain A were relatively rigid compared to probes directed to the linker region. 21 The characteristic of a rigid and well-folded cAMP-binding domain appears to be conserved within the R-subunit family.
An interesting difference between the RII␣ and RII␤ isoforms is the sensitivity of the endogenous tryptophan residues to the presence of cAMP. Upon removal of cAMP, the fluorescence emission of the RII␤ tryptophan residues was quenched while the emission from the RII␣ tryptophan residue (Trp226 in cAMP-binding domain A) was unaffected. 35 Considering that the single RII␣ tryptophan is homologous to Trp243 of RII␤, the primary fluorescence emitter in RII␤, this was an unexpected difference between the isoforms.
In contrast to Trp243, Trp58 is in a highly solvated, unstructured, and mobile region of RII␤. Our results agree well with the high protease sensitivity of this region. 36, 37 The flexible nature of the linker region also correlates well with the time-resolved fluorescence anisotropy data for RI␣. 21 Additionally, the small-angle scattering data from RII␣ suggested that this region is extended, which may correlate with both solvent accessibility and little structure. 31 The characteristics of high solvent accessibility and little structure in the linker region, in contrast to the two stable domains at the N-and C-terminus, appear to be conserved within the R-subunit family and define a protein with a high degree of plasticity.
The linker region is a major source of diversity between the R-subunit isoforms and introduces considerable flexibility within the protein. The degree of flexibility may differ with each isoform, thus helping to produce the observed in vivo physiological and functional isoform differences. 31 Glycine residues, which are necessary for significant flexibility, are more abundant in type II R-subunits and may lead to a linker region that is more flexible than that of the type I isoforms. Flexibility in the linker region may be a critical determinant of cAPK function by (1) providing a degree of mobility in the type II isoforms despite their subcellular localization via the A-Kinase-AnchoringDomains (AKAPs), 38 (2) enhancing and/or facilitating the phosphorylation of adjacent membrane-associated targets, 21 and (3) directing the R-subunit NH 2 -terminal domain to assume its proper, isoform specific orientation when in the cAPK holoenzyme complex. 39 -41 This study highlights the distinct characteristics and properties of the two endogenous RII␤ tryptophans and their respective subdomains, provides the first biophysical analysis of the RII␤ linker region, and establishes the use of R-subunit endogenous tryptophan residues as probes of protein conformation and dynamics. The fact that each of the residues is located in separate domains provides us with an excellent tool for further studies of RII␤ to monitor conformational changes within either domain upon phosphorylation or binding of the C-subunit, AKAPs, or cAMP.
